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ABSTRACT 
Robust biomarker quantification is essential for the accurate diagnosis of diseases and is of great value in cancer management. In 
this paper, an innovative diagnostic platform is presented which provides automated molecularly imprinted solid-phase extraction 
(MISPE) followed by liquid chromatography-mass spectrometry (LC-MS) for biomarker determination using ProGastrin Releasing 
Peptide (ProGRP), a highly sensitive biomarker for Small Cell Lung Cancer, as a model. Molecularly imprinted polymer 
microspheres were synthesized by precipitation polymerization and analytical optimization of the most promising material led to 
the development of an automated quantification method for ProGRP. The method enabled analysis of patient serum samples with 
elevated ProGRP levels. Particularly low sample volumes were permitted using the automated extraction within a method which 
was time-efficient, thereby demonstrating the potential of such a strategy in a clinical setting. 
INTRODUCTION 
Automated biomarker analysis is attracting significant attention in the field of proteomics1. Furthermore, biomarker analyses 
which require low sample volumes and minimal sample handling steps are of particular interest in clinics. Very often, it is the 
limited availability of sample together with the need for a reliable, cost- and time-HIIHFWLYHPHWKRGZKLFKOHDGVWR³FRQYHQWLRQDO´
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immunoassays being preferred over innovative mass spectrometry (MS) assays2. In recent years, there has been an intense focus 
upon automated systems directly integrating sample preparation with MS bioanalysis to satisfy clinical requirements3-5. Within this 
context, many efforts have been made to develop reliable and sensitive MS alternatives to immunoassays for biomarker 
quantification, including MS assays for the low abundant biomarker ProGastrin Releasing Peptide (ProGRP) which has been 
studied widely as model biomarker6-12. 
ProGRP is a sensitive (reference level of 7.6 pM in serum) and specific biomarker with diagnostic and prognostic value for Small 
Cell Lung Cancer (SCLC)13-18. Hence, quantitative information on its abundance in serum will strongly impact SCLC management. 
Currently, ProGRP is analysed in the clinics by ELISA with a time-resolved immunofluorometric assay (TR-IFMA)19. However, 
targeted proteomic immuno-MS assays10,11 have also been developed, allowing the quantification of ProGRP through a bottom-up 
approach. The use of immunoextraction prior to the MS analysis was shown to be essential for the realization of low detection 
limits, to enable discrimination between healthy and patient donors according to ProGRP expression. Other studies have focused on 
ProGRP extraction with the aim of replacing antibodies with synthetic receptors20,21. In this regard, molecularly imprinted polymers 
0,3V ZHUH GHYHORSHG DQG XVHG DV ³SODVWLF DQWLERGLHV´ IRU WKH RII-line enrichment of the ProGRP signature peptide 
(NLLGLIEAK) from serum. This method was well-suited for coupling with the MS assays developed previously11 and represented 
a fast and economical alternative to immunocapture. However, the off-line MIP extraction was unable to determine ProGRP 
concentrations close to the reference level due to the high detection limits of the off-line method21. The MIPs used in the 
aforementioned study were synthesized via a template analogue imprinting strategy, a powerful approach reported previously by 
Manesiotis et al.22. In the case of ProGRP, an analogue of the signature peptide was used as template in the production of thin MIP 
films on silica beads surfaces via a non-covalent molecular imprinting protocol, giving core-shell RAFT-beaded particles. 
The use of uniform, beaded MIPs is particularly desirable in challenging separation science applications since beads are 
physically robust and can be easily and reproducibly packed into solid-phase extraction (SPE) cartridges and chromatographic 
columns, circumventing any fluid flow problems arising from high back pressures23-25. Uniform, beaded MIPs with low mean 
particle sizes offer yet further advantages since the low particle size leads to high separation efficiencies thanks to the fast binding 
kinetics arising from improved accessibility of binding sites26. 
Precipitation polymerization is a very attractive synthetic method for the synthesis of MIP microspheres27-33. MIP microspheres of 
controlled size and porosity are obtained easily by the tuning of polymerization conditions34-36 without the need for surfactants or 
stabilizers, delivering clean products with narrow particle size distributions. Typically, the microspheres are obtained in one 
synthetic step and the particle diameters are normally in the range 0.1-10 µm37. MIP microspheres are thus particularly well-suited 
as molecularly selective packings in trap columns for integration with MS systems, as will be demonstrated in this study. 
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Within this context, molecularly selective polymeric sorbents were prepared by precipitation polymerization to develop an 
innovative diagnostic approach for ProGRP quantification, involving automated MIP-based extraction coupled with liquid 
chromatography-MS (LC-MS). The main goal was to evaluate the performance of the new, automated MIP extraction method on 
patient serum samples containing clinically relevant concentrations of ProGRP. 
RESULTS AND DISCUSSION 
Synthesis of MIPs: template, functional monomers and crosslinker selection. The template used was Z-NLLGLIEA[Nle]; in 
effect, the N-terminus of the signature peptide has been protected with a benzyloxycarbonyl group (Cbz; Z) to enhance the 
solubility of the template in the porogenic solvents used for the polymerization, and the C-terminal lysine has been replaced by 
norleucine (Nle) 21. The latter modification was introduced in order to overcome the intramolecular competition for the anionic sites 
caused by the lysine side. 
Two different functional monomers were used, N-(2-aminoethyl)methacrylamide hydrochloride (EAMA.HCl), solely for MIP A, 
and N-3,5-bis(trifluoromethyl)-phenyl-N¶-4-vinylphenylurea ,together with EAMA.HCl for MIP B, since the carboxylic acid 
groups in the glutamic acid (E) residue and C-terminus of the template were targeted via a non-covalent molecular imprinting 
approach. Indeed, both monomers have been shown to be useful for the targeting of oxy-anions20,38,39. A representation of the Z-
NLLGLIEA[Nle]-imprinted binding sites in MIP A and MIP B is shown in Figures 1 A and B, respectively. For success, 
precipitation polymerizations must involve the polymerization of monomers in dilute solution (typically < 5% w/v monomer in 
solvent) in a near-ڧVROYHQWWKHUHIRUH'9%-80 was selected as crosslinker, the porogen was MeCN and the monomer concentration 
was fixed at 2% w/v. DMSO was required to promote solubility of the template, but the use of this dipolar aprotic solvent was kept 
to a minimum (Supplementary Table S-1). 
A B  
Figure 1: Representation of the non-covalent molecular imprinting of Z-NLLGLIEA[Nle] for MIP A (A) and MIP B (B). The carboxylic 
acid groups in the glutamic acid (E) residue and C-terminus of Z-NLLGLIEA[Nle] are drawn explicitly for emphasis, since these 
functional groups are involved in the self-assembly of the Z-NLLGLIEA[Nle] with the functional monomers (FMs). The complexed 
synthetic receptors depict the hypothetical molecularly imprinted binding sites formed upon the free radical copolymerisation of a 
molecular complex of Z-NLLGLIEA[Nle] and FM(s) with crosslinker (DVB-80). 
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High crosslinker levels were used to ensure good yields of mechanically robust polymer microspheres with well-developed and 
permanent porous morphology. The mole ratio of template to FMs was set at 1:10 (Supplementary Table S-3). This small excess 
promotes template-FM self-assembly, minimizing the possibility of non-specific binding events arising from the random 
incorporation of a large excess of FMs into the polymer networks, as reported previously39. Moreover, the choice of precipitation 
polymerization as synthetic protocol yielded uniform, porous, particles with low mean particle diameters (as shown below) suitable 
for packing into the trap columns, without any need for the silica-core which was the inner component of the larger RAFT-MIPs for 
ProGRP (20 µm silica-core particles) reported earlier20,21. 
Characterization of the polymers. The SEM micrographs of the polymers (Supplementary Fig. S-2) revealed the production of 
discrete particles in the low micron-sized range (diameters  5 µm), although the microspheres were polydisperse (possibly as a 
consequence of the presence of DMSO as a co-solvent). The nitrogen sorption data (Supplementary Table S-4) revealed that the 
MIPs and NIPs were porous, but mean pore diameters placing them at the boundary between microporous and mesoporous solids; 
this was important to establish in view of the need for analyte to access molecularly imprinted binding sites during the SPE. The 
NIPs were not identical to the MIPs in respect of their porous morphologies, indicating an influence of the template on the timing of 
the phase separation40. Although this is often the case for MIP/NIP pairs, since by definition a NIP is synthesised in the absence of 
any template whatsoever and there can be no template influence upon the polymerization, the differences are probably accentuated 
here because we are operating close to the solubility limit of the template. Irrespective of the morphology differences, however, 
through careful optimisation binding conditions which enabled binding affinity and selectivity could be established. 
Peptide retention on MIP and corresponding NIP by direct injection of ProGRP isoform 1. All four polymers were packed 
into stainless steel columns and evaluated for peptide retention by direct injection of protein digests containing the target peptide 
NLLGLIEAK. Thus, ProGRP isoform 1 was trypsinated and loaded on the MIP and NIP columns which were, at this stage, used as 
analytical columns coupled directly with the ESI source of the MS detector (Figure 2). The SRM transitions corresponding to the 
ProGRP peptides (LSAPGSQR and the target peptide NLLGLIEAK) were acquired from the moment of the injection to the end of 
the gradient. No retention was seen for the signature peptide of isoform 1 of ProGRP (LSAPGSQR) on both MIP and NIP columns. 
The target peptide, NLLGLIEAK, was retained longer on the MIP (19.05 minutes), and this was reassuring given the intention to 
use the MIP as a trap column in a later part of the study. 
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Figure 2: MS/MS Chromatograms of 10 nM digested ProGRP isoform 1 obtained by using MIP B (orange) and NIP B (black) coupled 
directly to the MS detector without analytical column. 
The corresponding NIP B also showed affinity for NLLGLIEAK and this can be ascribed to non-covalent interactions between 
this peptide and the polymer. Similar retention differences and trends were observed when MIP A and NIP A were tested. 
Effect of the loading pH. The optimal pH to promote non-covalent interactions between the target peptide and the binding sites 
of the MIPs was assessed by testing MIP A and B solely. Figure 3 shows the retention time and the intensities obtained on both 
MIPs upon loading the heavy labelled target peptide NLLGLIEA[K_13C615N2] at three different pH values (3.0, 7.6 and 8.6). 
Loading with 20 mM FA (pH 3.0) for 10 minutes gave peptide high intensity and retention times above 27 minutes on both MIPs. 
Upon increasing the pH of the loading solution using 50 mM ammonium bicarbonate buffer adjusted to pH 7.6 and pH 8.6, the 
retention time of the peptide rises until 29.5 minutes, but a drop in signal intensity is observed simultaneously for both MIPs. The 
increase in peptide retention at higher pH can be rationalized as the progressive strengthening of the interactions between the 
positively charged EAMA residues in both polymers (pKa 9.6) and the negatively charges of the glutamic acid residue (pKa 4.2) 
and the C-terminal carboxylic acid (pKa 2.2) of the peptide. At pH 3.0 only 10 % of the glutamic acid residues are charged while 
for pH > 6.2 more than 99 % of them are available to establish ionic interactions with the FM41. Likewise, 90 % of the C-terminal 
carboxylic acid is charged at pH 3.0 contributing to the peptide retention which increases at higher pH. 
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Figure 3: Effect of loading pH on retention times and peak areas of NLLGLIEA[K_13C615N2] (5 nM) extracted on both MIPs. 
In addition to these interactions, a combined effect of the peptide negative charges (pI 6.44) is feasible when the pH is basic. The 
drop in signal intensities can be ascribed to incomplete positive ionization of the peptide in the MS detector when the pH is > 7. 
This was confirmed by direct injection in the TSQ analyzer of the peptide solutions (1 nM) with three different pH values (3.0, 7.6 
and 8.6) (Supplementary Fig. S-5). Since the increase in retention time at higher pH was of less significance than the increase in 
signal intensity at low pH, 20 mM FA was used for the loading of the samples on the columns. 
Evaluation of MIP/NIP pairs and MIP selection. The imprinting effects were evaluated by comparison of the NLLGLIEAK 
retention times on the two MIP/NIP pairs. Retention times of NLLGLIEA[K_13C615N2] were recorded upon its loading onto all the 
columns with 10 column volumes of 20 mM FA and subsequent isocratic elution directed to the MS detector, using small MeCN 
increments (Figure 4). The differences in NLLGLIEA[K_13C615N2] retention of the MIP/NIP pairs appears to be highest when 
EAMA.HCl was used as sole functional monomer (MIP A). Any significant differences in peptide retention among the polymers 
batches can be ascribed uniquely to differences in the structures of the binding sites, since the columns were checked for complete 
packing by optical control of the transversal section of the cartridges (Figure 5 D) and measurement of backpressures gave similar 
results for all columns (7 PSI for MIP A and NIP A and 10 PSI for MIP B and NIP B). 
 
Figure 4: Differences in retention times of NLLGLIEA[K_13C615N2] (1 nM) on the MIPs (orange) and corresponding NIPs (black) for both 
polymer pairs (A and B). 
The MIP A column was selected as trap column for further automatization and coupled with the analytical column. The MIP A 
column gave longer analyte retention, which is desirable for highly specific enrichment of the peptide when it is in the presence of 
many different interferences occurring in complex matrices such as serum samples. Additionally, MIP A showed a higher 
imprinting factor (IF) than MIP B (Supplementary Table S-6) under the conditions of use. These MIPs are distinct to many others 
synthesized by precipitation polymerisation, in that the low solubility of the template in the porogen necessitated the use of low 
template concentrations and high crosslink ratios (Supplementary Table S-3). Such synthetic constraints lead to MIPs with 
theoretical binding capacities that are considerably lower than MIPs synthesised under traditional conditions, and imprinting factors 
that are deceptively low when the MIPs are evaluated under normal loading conditions. The modest binding capacity of the MIPs is 
not a concern given that the concentrations of the target in the clinical samples is in the pM range, since the MIPs will not be over-
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loaded when in use (under the conditions of use of the MIPs for the clinical samples, a proportion of the highest fidelity binding 
sites are being exploited) and binding conditions that enabled binding affinity and selectivity could be established. 
Coupling of MIP columns with the analytical column and method optimization. The arrangement of the 6-port valve when 
the sample is loaded onto the MIP column and subsequent valve switching is shown in Figure 5 A and B respectively. 
 
Figure 5: Schematic representation of on-line extraction using a 6-port-valve: (A) loading of the sample on MIP column, (B) forward-
flushing of the MIP column to the analytical column, (C) analytical gradient applied for NLLGLIEAK determination, (D) transversal 
section of MIP A after packing in the trap column. 
Optimization of the wash and loading duration (Figures 6 A and B) provided 10 minutes for loading and washing for 5 minutes, 
whilst keeping the flow constant at 30 µL/min. The capacity of the columns determined the serum volume to be extracted (Figure 6 
C). The extraction of 50 µL of serum performed remarkably well in terms of peptide signal intensity (for comparison, the present 
gold standard method TR-IFMA requires 100 µL) and was judged to be optimal. This result was very promising indeed for the 
management of clinical samples which are often available in very limited volumes only. Increasing the injection volume from 5 to 
30 µL allowed a linear increase in the peptide signal intensity (Figure 6 D), demonstrating the suitability of the extraction of 50 µL 
of serum. In order to minimize the sample complexity before the extraction, depletion of the high abundant proteins such as serum 
albumin was decided to be performed by protein precipitation. This step was optimized by testing different MeCN volumes for the 
protein precipitation of ProGRP isoform 1 spiked samples. The highest peptide recovery was achieved using a 0.75:1 ratio of 
MeCN:serum (v/v) and 1:40 trypsin to substrate ratio, without reduction/alkylation (Figure 6 E and F). The enzyme to protein ratios 
shown in the figure are based on the amount of serum albumin expected to be left in the sample after protein precipitation. The 
amounts ranged between 1% and 10% in earlier studies which investigated protein precipitation with different acetonitrile 
concentrations42,43. Accordingly, a depletion of at least 90% of serum albumin with 50% of acetonitrile as precipitant agent can be 
assumed. 
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The extraction into the on-line system and the chromatographic run were complete within 50 minutes. The overall outcome was 
an automated and cost-effective method with remarkably low sample volume consumption. 
 
Figure 6: Extraction optimization (A-D) by using 1 nM NLLGLIEA[K_13C615N2]: (A) duration of the wash step (5 % MeCN) on MIP A 
column; (B) duration of the loading step (20 mM FA) on MIP A column; (C) capacity evaluation by extraction of different serum volumes; 
(D) injection volume evaluation by extraction of 50 µL of serum. Sample pretreatment optimization (E-F) by using 37 nM ProGRP 
isoform 1 spiked serum samples: (E) evaluation of trypsin amount and reduction (DTT) and alkylation (IAA) after protein precipitation 
(PP) on spiked serum; (F) optimization of the MeCN:serum ratio (v/v) in protein precipitation step 
Linearity, LOD and LOQ. The linearity of the method was explored over 3 orders of magnitude of ProGRP levels. The 
regression curve obtained (Supplementary Fig. S-6) upon plotting the ratio of the area of the signature peptide NLLGLIEAK to the 
area of the IS NLLGLIEA[K_13C615N2] had an acceptable correlation value (R2>0.97). 
From the signal-to-noise ratio (S/N) of the lowest concentration of the curve, the limit of detection (LOD) was estimated to be 
17.2 pM (S/N=3) corresponding to a lower limit of quantification (LLOQ) of 57.3 pM (S/N=10). The mass limit of detection 
(mLOD) on column was estimated to be 425 amol. 
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The detection limit of this new method is therefore substantially lower than the limit achieved previously by the MIP-based 
extraction21 (625 pM) but is still marginally higher than the immunocapture LC-MS10 (1 pM) and TR-IFMA methods. In the case of 
extended disease, clinically relevant concentrations of ProGRP are above the LOD achieved with this method44. However, the 
method is not able to discriminate healthy donors close to the reference limit of 7.6 pM. 
Analysis of patient samples and benchmarking with other methods. Two patient serum samples suffering from SCLC were 
analyzed to demonstrate the applicability of the method to determine ProGRP in real samples with high levels of endogenous 
ProGRP (Figure 7). The monitoring of selected transitions of NLLGLIEAK together with the co-elution of the IS allowed a correct 
peak identification. 
From the calibration curve, the ProGRP concentrations were calculated for both samples; the values are reported in Table 1 
together with the ProGRP concentrations determined previously for these samples by the immunocapture LC-MS and TR-IFMA 
methods45. Good accordance among ProGRP values is demonstrated. These results demonstrate very clearly the suitability of the 
new MISPE-LC-MS/MS method for the extraction and quantification of ProGRP present in clinical serum samples. 
 
Figure 7: Analysis of patient serum samples: chromatograms of NLLGLIEAK (orange) and the Internal Standard (IS) 
NLLGLIEA[K_13C615N2] (black) (left side) and corresponding ion spectra for selected reaction monitored (fragments y6 and y7) for 
NLLGLIEAK determination (right side). 
Table 1: Benchmarking of ProGRP concentrations in patient samples measured by the three analytical methods. 
 
MISPE-
LC-MS 
immuno-LC-MS45 TR-IFMA45 
Patient_39 2402 pM 922 pM 2425 pM 
Patient_43 1029 pM 918 pM 1899 pM 
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CONCLUSION 
In this paper, a template analogue imprinting strategy was implemented successfully for the design and synthesis of a polymeric 
synthetic receptor enabling biomarker determination in native serum at the pM level. Precipitation polymerization was used to 
deliver molecularly imprinted polymer microspheres in a physical format very convenient for their direct packing into trap column 
and direct integration with an LC-MS system for automated extraction of the ProGRP signature peptide. A MIP synthesized using 
EAMA.HCl as the sole functional monomer was found to be especially promising for the retention of the target peptide, and so was 
evaluated in further detail. 
Coupling of a MIP trap column with an analytical column and tandem MS detection allowed for the development of the first 
automated method for the determination of ProGRP in patient samples. The practical combination of a low sample volume (50 µL) 
and short analysis time represents a noteworthy breakthrough in ProGRP determination by LC-MS using synthetic receptors. In 
addition, the low limits of detection and quantification were achieved without the need for antibodies and this is a unique novelty in 
ProGRP analysis. 
Future studies should focus on a rapid and automated protein digestion before the MISPE in order to increase further the clinical 
advantage of the platform presented in this paper. 
METHODS 
Reagents. The peptide template Z-NLLGLIEA[Nle] (purity 96.58%), was purchased from LifeTein, N-(2-
DPLQRHWK\OPHWKDFU\ODPLGHK\GURFKORULGH($0$+&OSXULW\98%) was purchased from Polysciences Inc. (Niles, IL, USA), N-
3,5-bis(trifluoromethyl)-phenyl-N¶-4-YLQ\OSKHQ\OXUHD SXULW\ !(? LV QRW FRPPHUFLDOO\ DYDLODEOH DQG ZDV NLQGO\ GRQDWHG E\
Dortmund University, 2,2'-Azobisisobutyronitrile $,%1 SXULW\  Zas purchased from BDH (UAE). Divinylbenzene-80 
(DVB-80, 80% DVB isomers and 20% ethylvinylbenzene isomers), 1,2,2,6,6-SHQWDPHWK\OSLSHULGLQH 303 SXULW\ (?!
WHWUDEXW\ODPPRQLXPK\GUR[LGHVROXWLRQ7%$+20LQPHWKDQROSXULW\(?(?DQGK\GURFKORULFDFLGSXULW\
were all purchased from Sigma-Aldrich (St. Louis, MI, USA). DVB-80 was purified by filtration through a short plug of neutral 
aluminium oxide prior to use. AIBN was recrystallized from acetone at low temperature. All other chemicals used (acetonitrile 
0H&1PHWKDQRODQGGLPHWK\OVXOIR[LGH>'062SXULW\@ZHUHRIDQDO\WLFDOJUDGH. 
Protein and Peptide Standards. 5HFRPELQDQW3UR*53 LVRIRUP $$íZDV FORQHGIURPKXPDQF'1$2UL*HQH
Technologies, Rockville, MD,USA), expressed in Escherichia coli (Promega, Madison, WI, USA) using pGEX-6P-3 constructs 
(GE Healthcare Little Chalfont, UK) and purified as described elsewhere46. Solutions of ProGRP and the Internal Standard (IS) 
NLLGLIEA[K_13C615N2@SXULW\(?!(?Sigma-Aldrich) were prepared as described elsewhere21. 
Serum Samples. Human serum from healthy subjects was obtained from Ullevål Hospital (Oslo, Norway), and serum samples 
IURPFDQFHUSDWLHQWVZHUH VXSSOLHGE\5DGLXPKRVSLWDOHW 2VOR1RUZD\$OO VHUXPVDPSOHVZHUH VWRUHGDWí &7KHXVHRI
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patient samples for research purposes was approved by the Norwegian Regional Committee for Medical Research Ethics (REK, 
http://helseforskning.etikkom.no). Informed consent was obtained from all subjects. Methods used to analyse all serum samples 
were in accordance with relevant guidelines and regulations. 
Synthesis, Characterization and Column Packing of MIPs and NIPs. Four distinct polymers were synthesized after protocol 
optimization (Supplementary section 1): two MIPs (MIP A and B) and two corresponding non-imprinted polymers (NIPs) (NIP A 
and B). MIPs were synthesized by firstly adding the template Z-1//*/,($>1OH@PJ(?PROLQWRDERURVLOLFDWH.LPD[WXEH
Thereafter, DMSO (1 mL) was added (to dissolve the template), followed by PMP (1.9 mg, 0.01 mmol) and the functional 
monomer EAMA.HCl (12.3 mg, 0.07 mmol). For the synthesis of MIP B, TBA.HO (3.93 mg, 0.01 mmol) and N-3,5-
bis(trifluoromethyl)-phenyl-1¶-4-vinylphenylurea (5.25 mg, 0.01 mmol) were also included. MeCN (24 mL) was then added 
followed by DVB-80 (0.49 g, 0.53 mL, 3.73 mmol) and AIBN (22.3 mg, 0.2 mmol). (For the synthesis of the NIPs, the template 
was omitted from the synthetic protocols). The four solutions were then ultrasonicated for 10 minutes at ambient temperature and 
purged with oxygen-free nitrogen gas for 10 minutes at ice-bath temperature, to remove dissolved molecular oxygen. Thereafter, 
the reaction vessels were sealed under nitrogen and transferred to a Stuart Scientific S160 incubator equipped with a Stovall low-
SURILOHUROOHU7KHLQFXEDWRUWHPSHUDWXUHZDVUDPSHGIURPDPELHQWWR(?&RYHUDSHULRGRIDURXQGWZRKRXUVDQGWKHQPDLQWDLned 
DW (?& IRU D IXUWKHU  KRXUV WR \LHOG PLON\ VXVSHQVLRQV RI SRO\PHU PLFURVSKHUHV )LQDOO\, the polymer microspheres were 
isolated from the reaction media by filtration on 0.45 µm nylon membrane filters, and washed sequentially with MeCN (50 mL), 
MeOH/0.1 M aq. HCl) (90/10, v/v, 50 mL) and MeOH (50 mL), and finally dried overnight in Townson & Mercer vacuum oven at 
70 °C. 
The microspheres were evaluated in terms of their size and size distribution. Scanning Electron Microscopy (SEM) images were 
acquired using a Stereoscan 90 (Cambridge Instruments). Polymer microspheres were sputter-coated with gold using a Polar 
SC500A Sputter Coater Fison Instrument prior to analysis. Image analysis of the SEM micrographs was performed using Image J47 
software, on a population of 100 microspheres. 
Brunauer-Emmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume analysis were 
assessed by using an ASAP 2000 BET Analyzer. For each analysis, around 0.2 g of polymer was dried overnight in a vacuum oven 
DW(?&IROORZHGE\DGHJDVVLQJVWHSSUHVVXUH~3 mmHg) IRU(?KDW(?&%(7WKHRU\ZDVDSSOLHGIRUWKHG WHUPLQDWLRQRI
specific surface areas, BJH cumulative adsorption pore volume was determined for pores between 1.7 and 300 nm, the micropore 
YROXPHZDVEDVHGRQWKH+DUNLQVDQG-XUD¶VWKLFNQHVVHTXDWLRQ48. 
Particles were evaluated in terms of binding capacity by plotting of the binding isotherms and the calculation of imprinting factors 
(Supplementary section 3.2 and 3.3, respectively). For both MIP/NIP pairs, binding isotherms were fitted by Freundlich curves as 
decribed by Rampey et al.49 and imprinting factors of the polymers were calculated as described by Manesiotis et al.50. Packing of 
the MIPs and NIPs in trap columns î(?PPZLWKPVWDLQOHVVVWHHOIULWVZDVSHUIRUPHGE\*	76HSWHFK1RUZD\E\ZHW
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SDFNLQJ DURXQG  PJ RI SRO\PHU LQ  / RI 0H&1 XVLQJ D IORZUDWH RI (?/PLQ ,Q RUGHU WR YHULI\WKH TXDOLW\ RI WKH
packing of the columns, transversal microscopy (Dino Capture microscope with × 100 magnification) images were acquired, and 
EDFNSUHVVXUHVPHDVXUHGZKHQIORZLQJDPRELOHSKDVHRI0H&1LQZDWHUDW(?/PLQ 
On-Line MISPE-Liquid Chromatography-Tandem Mass Spectrometry (MISPE-LC-MS/MS) analysis. The LC system 
consisted of an LPG-3400 M binary pump with degasser, an ISO-3100 A loading pump, a WPS-3000TRS autosampler and FLM-
3000 flow-manager (all Dionex, Sunnyvale, CA, USA). The LC system was controlled by Chromeleon v. 6.80 SR6 (Dionex). The 
extraction was carried out by using the MIP A trap column. The LC separation was carried out using a Hypersil GOLD aQ, 
DQDO\WLFDO FROXPQ 7KHUPR 6FLHQWLILF (?c P (? î (?PP SUHFHGHG E\ D +\SHUVLO *2/' D4 'URS-In Guard Cartridge 
(Thermo ScientifiFcP(?(?î(?PP 
7KH H[WUDFWLRQ ZDV SHUIRUPHG E\ ORDGLQJ  ȝ/ RI VDPSOH ZLWK WKH ORDGLQJ EXIIHU (?P0 DTXHRXV IRUPLFDFLG >)$@ 7KH
LVRFUDWLFIORZ(?/PLQZDVGLUHFWHGWRWKHZDVWHvia the MIP cartridge, as shown in Figure 5 A. After 10 minutes, the system 
was switched in order to forward-flush the MIP cartridge to the analytical column and thus to the MS detector, as shown in Figure 5 
%7KHJUDGLHQW IORZ(?/PLQKDGDQ LQLWLDO UDWLRRIPRELOHSKDVH$P0)$ WRPRELOHSKDVH%pure MeCN) of 95:5 
(v/v); this was kept constant for 10 minutes before the elution using a 27 minute linear gradient from 5 to 86% of mobile phase B. 
After the gradient run, the MIP column and the analytical column were washed for 5 minutes with 97% mobile phase B and re-
equilibrated with mobile phase A, as shown in Figure 5 C. 
The MS system consisted of a TSQ Quantum Access (Thermo Scientific) and was used for quantification of signature peptides by 
Selected Reaction Monitoring (SRM) experiments. The following transition pairs were monitored (qualifier and quantifier, 
UHVSHFWLYHO\ IRU WKH 3UR*53 VLJQDWXUH SHSWLGH 1//*/,($.  ĺ  DQG (?ĺ(? IRU LWV LQWHUQDO VWDQGDUG
NLLGLIEA[K_13C615N2@ĺDQGĺIRUWKH3UR*53LVRIRUPVLJQDWXUHSHSWLGH/6$3*645ĺ
DQGĺ 
TSQ-GDWD ZHUH SURFHVVHG E\ ;FDOLEXU¶V70 4XDO%URZVHU 7KHUPR 6FLHQWLILF DQG SHDN DUHDV DXWRPDWLFDOO\ SURFHVVHG E\ WKH
Genesis peak detection algorithm, were used for the evaluation of the MS-responses. Only peaks with signal-to-noise (S/N) ratios 
above 10 and retention times and ion ratios corresponding to that of standard samples were considered. 
ProGRP digestion. ProGRP isoform 1 was diluted to the desired concentration with 5(?P0 IUHVKO\ SUHSDUHGammonium 
bicarbonate buffer (ABC), trypsin added at an enzyme-to-substrate ratio of 1:40 (w/w), and then incubated at 37 °C overnight at 
(?USP 
Calibration curve and patient sample analysis. For the calibration curve, triplicates of human serum (50 µL) were spiked with 
ProGRP isoform 1 and vortexed for 30 seconds, to give the desired final concentrations: 0.183, 1.83, 3.66, 7.32, 36.6, 73.2 and 110 
nM. Protein precipitation was performed by adding a volume of cold MeCN (-32 °C) to the serum (MeCN to serum v/v ratio = 
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0.75:1) and shaking for 5 minutes. Samples were then centrifuged at 10,000 r.p.m. for 10 minutes and the supernatants evaporated 
to dryness under a nitrogen stream at 40 °C. 50 µ/RIWKHWU\SVLQVROXWLRQPJP/LQ(?P0$%&EXIIHUSURWHLQHQ]\PH
ratio) was used to reconstitute the samples and tryptic digestion was performed at 37 °C overnight. Analysis of patient samples 
(Oslo University Hospital, Oslo, Norway; approved by the Norwegian Regional Committee for Medical Research Ethics REK, 
http://helseforskning.etikkom.no) was performed by preparing the samples in triplicate as described for the calibration curve 
without the spiking of ProGRP isoform 1. All the samples were spiked with IS 10 nM before the injection to the chromatographic 
system. 
REFERENCES 
1 Kim, J.-H., Inerowicz, D., Hedrick, V. & Regnier, F. Integrated Sample Preparation Methodology for 
Proteomics: Analysis of Native Proteins. Analytical Chemistry 85, 8039-8045, 
doi:doi.org/10.1021/ac401477w (2013). 
2 Hoofnagle, A. N. & Wener, M. H. The fundamental flaws of immunoassays and potential solutions using 
tandem mass spectrometry. Journal of Immunological Methods 347, 3-11 (2009). 
3 Rogeberg, M., Malerod, H., Roberg-Larsen, H., Aass, C. & Wilson, S. R. On-line solid phase extraction-
liquid chromatography, with emphasis on modern bioanalysis and miniaturized systems. Journal of 
Pharmaceutical and Biomedical Analysis 87, 120-129, doi:10.1016/j.jpba.2013.05.006 (2014). 
4 Moein, M. M., Said, R. & Abdel-Rehim, M. Microextraction by packed sorbent. Bioanalysis 7, 2155-2161, 
doi:10.4155/bio.15.154 (2015). 
5 Massolini, G. & Calleri, E. Immobilized trypsin systems coupled on-line to separation methods: Recent 
developments and analytical applications. Journal of Separation Science 28, 7-21, 
doi:10.1002/jssc.200401941 (2005). 
6 Winther, B. & Reubsaet, J. L. Determination of the small cell lung cancer associated biomarker pro-
gastrin-releasing peptide (ProGRP) using LC-MS. Journal of Separation Science 30, 234-240, 
doi:10.1002/jssc.200600319 (2007). 
7 Winther, B., Moi, P., Paus, E. & Reubsaet, J. L. E. Targeted determination of the early stage SCLC specific 
biomarker pro-gastrin-releasing peptide (ProGRP) at clinical concentration levels in human serum using 
LC-MS. Journal of Separation Science 30, 2638-2646, doi:10.1002/jssc.200700221 (2007). 
8 Winther, B., Nordlund, M., Paus, E., Reubsaet, L. & Halvorsen, T. G. Immuno-capture as ultimate sample 
cleanup in LC-MS/MS determination of the early stage biomarker ProGRP. Journal of Separation Science 
32, 2937-2943, doi:10.1002/jssc.200900233 (2009). 
9 Winther, B. et al. Absolute ProGRP quantification in a clinical relevant concentration range using LC-
MS/MS and a comprehensive internal standard. Journal of Chromatography B: Analytical Technologies 
in the Biomedical and Life Sciences 877, 1359-1365, doi:10.1016/j.jchromb.2008.12.023 (2009). 
10 Torsetnes, S. B., Nordlund, M. S., Paus, E., Halvorsen, T. G. & Reubsaet, L. Digging deeper into the field 
of the small cell lung cancer tumor marker progrp: A method for differentiation of its isoforms. Journal 
of Proteome Research 12, 412-420, doi:10.1021/pr300751j (2013). 
11 Torsetnes, S. B. et al. Multiplexing Determination of Small Cell Lung Cancer Biomarkers and Their 
Isovariants in Serum by Immunocapture LC-MS/MS. Analytical Chemistry 86, 6983-6992, 
doi:10.1021/ac500986t (2014). 
12 Hustoft, H. K. et al. /ŶƚĞŐƌĂƚĞĚ ĞŶǌǇŵĞ ƌĞĂĐƚŽƌ ĂŶĚ ŚŝŐŚ ƌĞƐŽůǀŝŶŐ ĐŚƌŽŵĂƚŽŐƌĂƉŚǇ ŝŶ  ?ƐƵď-ĐŚŝƉ ?
dimensions for sensitive protein mass spectrometry. Scientific Reports 3, 3511, doi:10.1038/srep03511 
(2013). 
13 Niho, S. et al. Significance of serum pro-gastrin-releasing peptide as a predictor of relapse of small cell 
lung cancer: comparative evaluation with neuron-specific enolase and carcinoembryonic antigen. Lung 
Cancer 27, 159-167, doi:10.1016/S0169-5002(99)00100-2 (2000). 
 
 
14 
14 Molina, R., Filella, X. & Augé, J. M. ProGRP: a new biomarker for small cell lung cancer. Clinical 
Biochemistry 37, 505-511, doi:10.1016/j.clinbiochem.2004.05.007 (2004). 
15 Molina, R. et al. Usefulness of Serum Tumor Markers, Including Progastrin-Releasing Peptide, in Patients 
with Lung Cancer: Correlation with Histology. Tumor Biology 30, 121-129, 
doi:doi.org/10.1159/000224628 (2009). 
16 Wang, J., Gao, J. & He, J. Diagnostic value of ProGRP and NSE for Small Cell Lung Cancer: A meta-analysis. 
Chinese Journal of Lung Cancer 13, 1094-1100, doi:10.3779/j.issn.1009-3419.2010.12.03 (2010). 
17 Yang, H. J., Gu, Y., Chen, C., Xu, C. & Bao, Y. X. Diagnostic value of pro-gastrin-releasing peptide for small 
cell lung cancer: A meta-analysis. Clinical Chemistry and Laboratory Medicine 49, 1039-1046, 
doi:10.1515/cclm.2011.161 (2011). 
18 Kim, H. R. et al. Plasma proGRP concentration is sensitive and specific for discriminating small cell lung 
cancer from nonmalignant conditions or non-small cell lung cancer. Journal of Korean Medical Science 
26, 625-630, doi:10.3346/jkms.2011.26.5.625 (2011). 
19 Nordlund, M. S., Stieber, P., Brustugun, O. T., Warren, D. J. & Paus, E. Characteristics and clinical validity 
of two immunoassays for ProGRP. Tumor Biology, 1-9, doi:10.1007/s13277-012-0351-1 (2012). 
20 Qader, A. A. et al. Peptide imprinted receptors for the determination of the small cell lung cancer 
associated biomarker progastrin releasing peptide. J. Chromatogr. A 1370, 56-62, 
doi:10.1016/j.chroma.2014.10.023 (2014). 
21 Rossetti, C., Abdel Qader, A., Halvorsen, T. G., Sellergren, B. & Reubsaet, L. Antibody-free biomarker 
determination: Exploring molecularly imprinted polymers for pro-gastrin releasing peptide. Analytical 
Chemistry 86, 12291-12298, doi:10.1021/ac503559c (2014). 
22 Manesiotis, P., Hall, A. J., Courtois, J., Irgum, K. & Sellergren, B. An Artificial Riboflavin Receptor 
Prepared by a Template Analogue Imprinting Strategy. Angewandte Chemie International Edition 44, 
3902-3906, doi:10.1002/anie.200500342 (2005). 
23 Chen, L., Wang, X., Lu, W., Wu, X. & Li, J. Molecular imprinting: Perspectives and applications. Chemical 
Society Reviews 45, 2137-2211, doi:10.1039/c6cs00061d (2016). 
24 Xu, S., Li, J. & Chen, L. Molecularly imprinted polymers by reversible addition-fragmentation chain 
transfer precipitation polymerization for preconcentration of atrazine in food matrices. Talanta 85, 282-
289, doi:10.1016/j.talanta.2011.03.060 (2011). 
25 Wen, Y., Chen, L., Li, J., Liu, D. & Chen, L. Recent advances in solid-phase sorbents for sample 
preparation prior to chromatographic analysis. TrAC - Trends in Analytical Chemistry 59, 26-41, 
doi:10.1016/j.trac.2014.03.011 (2014). 
26 Rachkov, A. & Minoura, N. Recognition of oxytocin and oxytocin-related peptides in aqueous media 
using a molecularly imprinted polymer synthesized by the epitope approach. Journal of 
Chromatography A 889, 111-118, doi:10.1016/S0021-9673(00)00568-9 (2000). 
27 Cacho, C., Turiel, E., Martin-Esteban, A., Pérez-Conde, C. & Cámara, C. Characterisation and quality 
assessment of binding sites on a propazine-imprinted polymer prepared by precipitation polymerisation. 
Journal of Chromatography B 802, 347-353, doi:10.1016/j.jchromb.2003.12.018 (2004). 
28 Turiel, E., Tadeo, J. L., Cormack, P. A. G. & Martin-Esteban, A. HPLC imprinted-stationary phase prepared 
by precipitation polymerisation for the determination of thiabendazole in fruit. Analyst 130, 1601-1607, 
doi:10.1039/B511031A (2005). 
29 Beltran, A., Marcé, R. M., Cormack, P. A. G. & Borrull, F. Synthesis by precipitation polymerisation of 
molecularly imprinted polymer microspheres for the selective extraction of carbamazepine and 
oxcarbazepine from human urine. Journal of Chromatography A 1216, 2248-2253, 
doi:10.1016/j.chroma.2009.01.024 (2009). 
30 Sambe, H., Hoshina, K., Moaddel, R., Wainer, I. W. & Haginaka, J. Uniformly-sized, molecularly imprinted 
polymers for nicotine by precipitation polymerization. Journal of Chromatography A 1134, 88-94, 
doi:10.1016/j.chroma.2006.08.073 (2006). 
31 Helling, S. et al. Ultratrace enrichment of tyrosine phosphorylated peptides on an imprinted polymer. 
Analytical Chemistry 83, 1862-1865, doi:10.1021/ac103086v (2011). 
 
 
15 
32 Valero-Navarro, Á. et al. Synthesis of caffeic acid molecularly imprinted polymer microspheres and high-
performance liquid chromatography evaluation of their sorption properties. Journal of Chromatography 
A 1218, 7289-7296, doi:10.1016/j.chroma.2011.08.043 (2011). 
33 Beltran, A., Borrull, F., Cormack, P. A. G. & Marcé, R. M. Molecularly imprinted polymer with high-
fidelity binding sites for the selective extraction of barbiturates from human urine. Journal of 
Chromatography A 1218, 4612-4618, doi:10.1016/j.chroma.2011.05.049 (2011). 
34 Ye, L., A. G. Cormack, P. & Mosbach, K. Molecularly imprinted monodisperse microspheres for 
competitive radioassay. Analytical Communications 36, 35-38, doi:10.1039/A809014I (1999). 
35 Wang, J., Cormack, P. A. G., Sherrington, D. C. & Khoshdel, E. Monodisperse, Molecularly Imprinted 
Polymer Microspheres Prepared by Precipitation Polymerization for Affinity Separation Applications. 
Angewandte Chemie International Edition 42, 5336-5338, doi:10.1002/anie.200352298 (2003). 
36 Yoshimatsu, K. et al. Uniform molecularly imprinted microspheres and nanoparticles prepared by 
precipitation polymerization: The control of particle size suitable for different analytical applications. 
Analytica Chimica Acta 584, 112-121, doi:10.1016/j.aca.2006.11.004 (2007). 
37 Wang, J., Cormack Peter, A. G., Sherrington David, C. & Khoshdel, E. Synthesis and characterization of 
micrometer-sized molecularly imprinted spherical polymer particulates prepared via precipitation 
polymerization. Pure Appl. Chem. 79, 1505-1519, doi:10.1351/pac200779091505 (2007). 
38 Urraca, J. L. et al. Polymeric complements to the Alzheimer's disease biomarker ɴ-amyloid isoforms 
Aɴ1-40 and aɴ1-42 for blood serum analysis under denaturing conditions. Journal of the American 
Chemical Society 133, 9220-9223, doi:10.1021/ja202908z (2011). 
39 Hall, A. J. et al. Urea host monomers for stoichiometric molecular imprinting of oxyanions. Journal of 
Organic Chemistry 70, 1732-1736, doi:10.1021/jo048470p (2005). 
40 Emgenbroich, M. et al. A phosphotyrosine-imprinted polymer receptor for the recognition of tyrosine 
phosphorylated peptides. Chemistry - A European Journal 14, 9516-9529, doi:10.1002/chem.200801046 
(2008). 
41 Csizmadia, J. S. a. F. <https://chemicalize.com/#/calculation>, (2004-2007) (Date of access:11/11/2015).  
42 Polson, C., Sarkar, P., Incledon, B., Raguvaran, V. & Grant, R. Optimization of protein precipitation based 
upon effectiveness of protein removal and ionization effect in liquid chromatography ?tandem mass 
spectrometry. Journal of Chromatography B 785, 263-275, doi:10.1016/S1570-0232(02)00914-5 (2003). 
43 Kay, R. et al. Enrichment of low molecular weight serum proteins using acetonitrile precipitation for 
mass spectrometry based proteomic analysis. Rapid communications in mass spectrometry : RCM 22, 
3255-3260, doi:10.1002/rcm.3729 (2008). 
44 Aoyagi, K. et al. Enzyme immunoassay of immunoreactive progastrin-releasing peptide (31-98) as tumor 
marker for small-cell lung carcinoma: development and evaluation. Clinical Chemistry 41, 537 - 543 
(1995). 
45 Torsetnes, S. B., Broughton, M. N., Paus, E., Halvorsen, T. G. & Reubsaet, L. Determining ProGRP and 
isoforms in lung and thyroid cancer patient samples: comparing an MS method with a routine clinical 
immunoassay. Analytical and Bioanalytical Chemistry 406, 2733, doi:10.1007/s00216-014-7634-x (2014). 
46 Nordlund, M. S., Fermer, C., Nilsson, O., Warren, D. J. & Paus, E. Production and characterization of 
monoclonal antibodies for immunoassay of the lung cancer marker proGRP. Tumor Biology 28, 100-110, 
doi:10.1159/000099335 (2007). 
47 Rasband, W. S. ImageJ, <http://imagej.nih.gov/ij/> (1997-2016) (Date of access:13/06/2013). 
48 Jura, G. & Harkins, W. D. Surfaces of Solids. XI. Determination of the Decrease (ʋ) of Free Surface Energy 
of a Solid by an Adsorbed Film. Journal of the American Chemical Society 66, 1356-1362, 
doi:10.1021/ja01236a046 (1944). 
49 Rampey, A. M. et al. Characterization of the Imprint Effect and the Influence of Imprinting Conditions on 
Affinity, Capacity, and Heterogeneity in Molecularly Imprinted Polymers Using the Freundlich Isotherm-
Affinity Distribution Analysis. Analytical Chemistry 76, 1123-1133, doi:10.1021/ac0345345 (2004). 
 
 
16 
50 Manesiotis, P., Kashani, S. & McLoughlin, P. Molecularly imprinted polymers for the extraction of 
imiquimod from biological samples using a template analogue strategy. Analytical Methods 5, 3122-
3128, doi:10.1039/c3ay40239h (2013). 
ACKNOWLEDGMENT  
This work was supported by the Seventh Research Framework Programme of the European Commission PEPMIP project (Grant 
agreement number-264699) and from the Research Council of Norway (Grant agreement number-226654/F11). We thank R. Trones, T. 
Løvli and C. Huang from G&T Septech AS, Norway, for the packing of the MIPs and NIPs into columns.  
AUTHOR CONTRIBUTIONS 
C.R., T.G.H. and L.R. planned the analytical experiments. M.A.S. and P.A.G.C. designed the polymerization protocols. C.R. and M.A.S. 
performed the experiments and data analysis on analytical method development and polymeric synthesis. B.S. supervised the PEPMIP 
project. C.R. wrote the manuscript. All authors reviewed the manuscript. 
ADDITIONAL INFORMATION 
Supplementary Information accompanies this paper at http://www.nature.com/srep/ 
Competing financial interests: The authors declare no competing financial interests 
